The importance of antibiotics in microbial competition under natural conditions is still controversial, although there are indications that specific metabolites can be advantageous to the strains producing them. Erwinia car-otovora subsp. betavasculorum produces an antibiotic inhibitory to E. carotovora subsp. carotovora and to other microorganisms (2, 22, 24) . Erwinia spp. offered an ideal model system for the investigation of microbial competition as related to antibiotic production. E. carotovora subsp. betavasculorum and E. carotovora subsp. carotovora strains were inoculated into potato tubers, and their interactions were studied (2) . There was a complete correlation between antibiotic production in vitro and inhibition of competing E. carotovora subsp. carotovora strains by E. carotovora subsp. betavasculorum in planta (2) .
Genetic mutants are invaluable for investigating the importance of specific phenotypic characteristics of bacteria in ecological studies. Mutants obtained through transposon insertion are especially useful because, among other things, they facilitate the molecular characterization of the genes affected. Transposons provide efficient (100%) mutagenesis and a linked drug-resistant marker allowing for selection of drug resistance and screening for nonselectable phenotypes. They also minimize the problem of silent mutations which are not detectable in vitro but are possibly misleading in in vivo experiments. Silent mutations caused by the insertion of the transposon in a second site can be checked by hybridization, using a probe containing the transposon.
The isolation of transposon mutants requires both an appropriate delivery system and a strain that is able to accept incoming DNA (a fertile strain) with experimentally useful frequency. With several bacteria, the transfer frequency of heterologous DNA, including plasmids, is very low or does not occur because of a strong restriction barrier (8, 18) . Restriction enzymes degrade DNA at specific recognition sites. Methylation of these sites by modification enzymes protects resident DNA (14) . In previous studies with Erwinia spp. (4, 7, 20) , introduction of the broad-host-range plasmids R68.45 and RP1 resulted in highly variable transfer frequencies, depending on the strain that was used. TnS mutagenesis of 24 E. carotovora subsp. carotovora and E. carotovora atroseptica strains was successful in only 9 strains (27) . Our attempts to transfer DNA from Escherichia coli or Pseudomonas aeruginosa into E. carotovora subsp. betavasculorum wild-type strains failed, even though the plasmid donor strains used were suitable for other Erwinia spp.
In the present study, we obtained and characterized insertional mutants of E. carotovora subsp. betavasculorum impaired in antibiotic production. Transposon mutagenesis was done with plasmid pME9, a temperature-sensitive derivative of plasmid RP1 carrying (21) . Prior to doing transposon mutagenesis, we isolated high-frequency acceptor-donor strains of E. carotovora subsp. betavasculorum (Acc+ Don') after chemical mutagenesis. Some of these strains also transferred RP1 to E. carotovora subsp. betavasclolorlum wild-type strains at a high frequency and were used as intermediate hosts for transferring suicide plasmids (pME9 and pME305) into E. carotovora subsp. betavasculorum. The biological characterization of antibiotic-negative mutants of E. carotovora subsp. betavasculorum has recently been described (2) .
MATERIALS AND METHODS
Strains, plasmids, media, and culture conditions. Bacterial strains, plasmids, and the transposon used in this research are listed in Table 1 . Strains were routinely cultured on Luria agar (LA) (17) , Luria broth (LB), or nutrient agar (NA) supplemented with 2.5% glycerol (NAG). The minimal medium (MM) is described by Leisinger et al. (13) .
Antibiotic concentrations in rich media (in micrograms per milliliter) were: streptomycin (Sm), 100; rifampin (Rif), 100; ampicillin (Ap), 100; kanamycin (Km), 20; tetracycline (Tc), 10; trimethoprim (Tp), 100; and nalidixic acid (Nal), 100. The antibiotic concentrations in MM were the same as in rich media, except for kanamycin (100 ,ug/ml) and tetracycline (5 ,ug/ml). Antibiotics were from Sigma Chemical Co., St. Louis, Mo. Isolation of E. carotovora subsp. betavasculorum (Acc+ (21) . E. coli ED8654(pME9) was mated with Ecbl68c-6(RP1) at 28°C on solid medium as described above. The Ecbl68c-6(pME9) transconjugants were selected for on LA plus rifampin plus tetracycline at 28°C. Rifampin allowed counterselection of ED8654, whereas tetracycline and trimethoprim were selective for pME9.
Transposon mutagenesis was done by mating Ecbl68c-6(pME9) with strain Ecbl68b (Smr) on solid medium as described above. The recipient strain was not previously mutagenized with EMS. Serial dilutions of the resuspended cells were plated on selective medium (LA plus streptomycin and trimethoprim; LA plus streptomycin and kanamycin; LA plus streptomycin, trimethoprim, and kanamycin; or LA plus tetracycline) and were incubated for 2 to 3 days at 28 or 36°C. Five separate matings were done to reduce the isolation of siblings. Kmr, Tpr, and Smr colonies were transferred to master plates (each with 48 colonies) of the same selective media. The colonies on the master plates were replica plated on the same media and on media containing tetracycline to screen for plasmid presence. Microdilution plates containing storage medium (9) and kanamycin were inoculated with the mutants, were incubated for 24 donors, Ecbl68c-6(RP1), was chosen for further studies.
Construction of ECB168c-6(pME9). To examine the possible utility of the Acc+ Don' Ecbl68-6 derivative in constructing a useful transposon mutagenesis system for E. carotovora subsp. betavasculorum, an experiment was done to replace plasmid RP1 with plasmid pME9. Plasmid pME9 is a temperature-sensitive derivative of RP1 deleted in the Kmr region and carrying transposon TnS-751 (Kmr Tpr) (21) . E. coli ED8654(pME9) was plate mated with Ecbl68c-6(RP1), and presumptive Ecbl68c-6(pME9) transconjugants were selected by being plated on LA plus rifampin, tetracycline, and trimethoprim. Rifampin to i0-' donor cell-') in addition to the normal-size colonies that were obtained. The latter were shown to be transposition products (see below), while the smaller colonies carried the whole pME9 plasmid (data not shown). The same types of morphological difference and genetic structure were described for P. aeruginosa (21) . At 36°C, no plasmid-containing transconjugants were detected. Analysis of antibiotic production, antibiotic immunity, and auxotrophy. Of the 2,230 presumptive insertional mutants, 12 were characterized as antibiotic-negative mutants (Ant-) ( Table 2 ). Eleven of these did not form a visible inhibition zone against the antibiotic-sensitive tester strain Ecc7 when they were grown on NA. Eight of these mutants, however, produced a 3-to 6-mm halo of weaker growth of Ecc7a when they were incubated on NAG for 48 h before the assay plates were sprayed with Ecc7a. The twelfth mutant produced a small zone of complete inhibition. All 12 mutants maintained immunity to the E. carotovora subsp. betavasculorum antibiotic.
Of the 2,230 presumptive insertional mutants, 21 were auxotrophs (0.9%). Eight of these strains had nutritional requirements of citrulline (or arginine), ornithine (or arginine or citrulline), cysteine, isoleucine-valine, threonine (two mutants), adenine, and uracil. The reversion frequency of the eight strains varied from 10-8 to 10-10', and prototrophy was strictly correlated with sensitivity to kanamycin and trimethoprim. One of the Ant-mutants (Ecbl68b-19) was also an arginine auxotroph. Reversion to prototrophy was not observed in this strain. Addition of arginine to NA did not restore antibiotic production by Ecbl68b-19 or by any other Ant-mutants, nor did it improve antibiotic production by the wild-type strain. DNA hybridization analysis of 18 insertional mutants with labeled pME305 and pME9 showed that only Tn5-751 had inserted into the E. carotovora subsp. betavasculorum genome and that plasmid DNA was absent. These plasmids differ in that pME9 contains TnS-751 whereas pME305 does not. Otherwise the plasmids are b Precise data are given in Table 3 . ++, High degree of maceration; +, some maceration; -+, low degree of maceration.
Complete data are given in Table 4 . d W indicates a zone of weaker growth of Ecc7a adjacent to Ecb.
The TnS-751 DNA was rearranged in strain Ecbl68b-58.
identical. Hybridization results were negative for labeled pME305 and positive for labeled pME9.
Virulence of E. carotovora subsp. betavasculorum Antmutants. Of the 12 Ant-mutants, 6 macerated potato tissue in a manner similar to that of parental strain Ecbl68b (Table  3) . Four of the Ant-mutant strains produced significantly less tissue maceration (P = 0.05), and the remaining two mutant strains (Ecbl68b-63 and Ecbl68b-74) did not macerate tuber tissue when inoculated at 106 CFU potato-' and incubated aerobically for 48 h. However, these strains multiplied in tuber wounds and attained a population density slightly lower than that of the parental strain (logilo CFU wound-' for Ecbl68b-63, 9.17; for Ecbl68b-74, 9.11; and for Ecbl68b, 10.05). A reduced level of tissue maceration was occasionally produced by Ecbl68b-63 and Ecbl68b-74 at higher inoculum levels under aerobic conditions, and a 90% reduction in tissue maceration, compared with that of the parental strain, was observed when potatoes were incubated anaerobically at 24°C for 72 h. These mutants were therefore defective in maceration under all conditions tested.
Physical mapping of the TnS-751 insertions of the Antmutants. The E. carotoiora subsp. betavasculorum antibiotic mutants were classified into four genetic groups on the basis of the KpnI, EcoRI, EcoRV, and Hindlll restriction fragment sizes of chromosomal DNA which hybridized with 32P-labeled pME9 (Table 4) . Strain Ecbl68b-58 exhibited a complex hybridization pattern indicative of rearrangements of Tn5-751 or target DNA sequences or both and could not be classified. Seven strains belonged to group A, and Tn5-751 insertions mapped in a 9.8-kilobase (kb) EcoRI-HindlIl chromosomal fragment (Fig. 1B) This enabled the isolation of antibiotic-negative mutants, the original objective of this work. This method is applicable to other bacteria that are either nonfertile or have a low recipient-donor ability for plasmid DNA.
We believe that chemical mutagenesis of the E. carotoiora subsp. betavasculorum (Acc+ Don') strains affected their restriction system, enabling them to accept pME9. The modification system presumably remained intact and modified the DNA, thereby protecting the plasmid when it was transferred to wild-type E. carotovora subsp. betav'asculorum recipients. Although further characterization is necessary to test this hypothesis, it is significant that DNA isolated from E. carotovora subsp. betavasculorum could not be digested by Pstl (M. Rella, unpublished results). This is indicative of the presence of a modification enzyme which protected this recognition site and also suggested the presence in E. carotovora subsp. betavasciulorum of a restriction enzyme which degrades this site.
Of the 12 Ant-strains, 1 (Ecbl68b-19, Table 2 ) was an arginine auxotroph. An antibiotic derived from arginine has been described elsewhere (19 Ant-mutants. On the basis of their genetic and phenotypic characteristics, these mutants were placed into four groups (Table 2) . Group A consisted of seven mutants whose Tn5-751 insertions mapped within a 0.7-kb DNA fragment (Fig. iB) . We have no explanation for the surprisingly high frequency of insertion of Tn5-751 into this small fragment.
Five of the seven mutants showed virulence similar to that of the parental strains, and two mutants showed reduced virulence. The five Ant-mutants were used in a series of experiments designed to determine the significance of antibiotic production when microorganisms compete at the same infection court (2) . All five mutants failed to inhibit growth of an antibiotic-sensitive Ecc strain in mixed-strain infections in potato tuber wounds, whereas the parental Ant+ strains caused a severe inhibition (2) . The mutants belonging to groups C and D exhibited a reduced ability to macerate potato tissue compared with that of the parental strain Ecbl68b, and group B mutants showed no macerating activity at the standard inoculum concentration used in experiments (106 CFU tuber wound-'). The Antphenotypic characterization and reduced macerating abilities may be due to pleiotropic mutations affecting secretory or regulatory activity. In Erwvinia (hrnysanthemni (1) , a single mutation prevented the secretion of pectinase and cellulase. both involved in the production of soft-rot symptoms. In other work, the recA protein was necessary for the induction of both pectin lyase and carotovoricin in Ecc (26) . The DNA hybridization results with group B mutants exclude the possibility of multiple TnS-751 insertions as postulated for indistinct transposon mutants of E. c/hnsanthlemi (5) . The mutant in group C was distinct from the other mutants on the basis of the genetic analysis, and the mutant in group D was unique in both the genetic characterization and in showing a reduction in antibiotic production in vitro. The results from this study indicate that several genes were involved in antibiotic biosynthesis by E. carotovora subsp. betavascwlorinm.
